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Introduction
Nitrogen containing heterocycles are essential building blocks of many biological molecules.
DNA/RNA nucleotides are derived from the base molecules pyrimidine and purine while the amino acids histidine and tryptophan contain imidazole and indole side chains, respectively.
Pyridine is believed to play a part in the rich and diverse chemistry of circumstellar and interstellar space [1] [2] [3] [4] and is implicated in pre-biotic chemistry and astrobiology. [5] [6] While a large portion of simple hydrocarbon chemistry is well described by current models, the reactivity of many similar nitrogenous molecules, and especially their ions and radical counterparts, are not available in current astrochemical databases. [7] [8] New laboratory based studies are thus required to provide reaction rates and product pathways to ensure the development of increasingly accurate predictive models. [9] [10] [11] [12] Reliable predictive models and improved understanding of extraterrestrial chemical systems can then provide direction to searches for aromatic nitrogen heterocycles outside our solar system.
A large portion of the interstellar and circumstellar chemical inventory is composed of radicals and ions. This is due, in varying degrees, to a combination of primary (cosmic rays, high energy photons and shock waves) and secondary (secondary electrons, stellar winds, magnetospheric and auroral ions and particles) ionisation sources. 13 One potential source of molecular ionisation in space is proton transfer from H 3 + , the second most abundant interstellar molecule. 14 It acts as a potent proton donor and thus ion-molecule reactions of H 3 + with any aromatic N-heterocycle would lead to prompt protonation. Further, the harsh UVfield of interstellar and circumstellar space together with the ubiquity of cosmic rays presents an environment supporting C-H and N-H bond fission and radical formation of protonated and neutral N-heterocycles alike. Previous studies have shown that UV (266 nm) photolysis of small protonated N-heterocycles, such as the pyridinium cation, follows the pathway of H 2 elimination via a dissociative πσ* state coupled non-adiabatically to an optically-bright ππ* bound state. [15] [16] An alternative radical formation pathway is homolysis of a C-H bond.
Unlike H 2 loss, homolysis and elimination of atomic hydrogen leads to a site-specific and highly reactive σ-type radical that is located in the plane of the molecule and is unable to delocalise into the π system. Although there are no studies on VUV photolysis of pyridinium, studies of the photolysis of neutral pyridine at 193 nm have reported H atom loss with yields between 9 and 10%. [17] [18] Photodissociation of benzene at 193 and 157 nm also results in atomic hydrogen loss. 19 Therefore, it is expected that pyridinium cations may undergo C-H bond homolysis via VUV photolysis to form σ-type radical cations. Positively charged ions containing a spatially separated σ-radical are by definition distonic radical cations with steric and electronic separation of the charge and radical centres. 20 The reactions of these distonic radical cations with small hydrocarbons may play a role in the chemical evolution of extraterrestrial environments, particularly molecular weight growth and synthesis of complex bio-relevant molecules, yet to this point few studies have been conducted. 21 In this work, the reaction of propene with 2-dehydro-N-pyridinium, 3-dehydro-N-pyridinium and 4-dehydro-N-pyridinium radical cations is investigated. These reactions were chosen due to their likely involvement in the chemistry of Titan's upper atmosphere, where ionospheric pyridinium cations and propene have been tentatively identified 22 and stratospheric propene has been positively identified. [23] [24] Laboratory investigations of Titan's atmosphere have also shown the formation of pyridinium cations from the reaction of pyridine with hydrocarbon cations. 25 Here, reaction kinetics and product branching ratios are measured at room temperature and 2.5 mTorr pressure using laser photodissociation ion-trap mass spectrometry.
Quantum chemical calculations and a simplified kinetic analysis are used to support experimental observations.
Experimental

Ion trap Mass spectrometry
A modified linear ion-trap mass spectrometer (Thermo Fisher Scientific LTQ XL) was used to investigate gas-phase ion-molecule reactions of 2-, 3-, and 4-dehyro-N-pyridinium radical cations with propene. The mass spectrometer was modified to include a vacuum sealed quartz window in the removable backing plate to give optical access along the internal axis of the ion trap. This allows irradiation of trapped ions by a 266 nm Nd:YAG laser source (Continuum Minilite). The mass spectrometer was equipped with a gas handling manifold that allowed the introduction of neutral gases directly into the ion trap. The gas handling manifold is connected to a one gallon steel cylinder containing helium gas doped with neutral reagent(s). A mass flow controller (MKS GE50A, 5 sccm) regulated the flow to 1.3 sccm directly into the ion-trap which was found to maintain the optimal working pressure within the trap. See Ref 26 for a more detailed description of the instrument.
The iodinated precursor cations 2-iodopyridinium, 3-iodopyridinium and 4-iodopyridinium were generated via electrospray ionisation of 20 µM methanolic solutions of 2-iodopyridine (98%, Sigma-Aldrich), 3-iodopyridine (98%, Sigma-Aldrich) and 4-iodopyridine (97%, Sigma-Aldrich), respectively, introduced into the ESI source at 5 µL min ). The beam enters the ion-trap through a 2.5 mm orifice in the back lens and passes axially down its internal length to overlap the trapped ion cloud.
Kinetics Measurements
Dehydro-N-pyridinium radical cations (m/z 79), generated from laser photolysis of the corresponding iodinated precursor, were mass-isolated in the presence of a controlled concentration of propene gas (Sigma Aldrich, 99.99%) and held within the ion trap for user defined time periods between 0.030-10,000 ms. Ion-molecule reactions took place under pseudo first-order conditions due to the large excess of propene within the trap relative to the small population of dehydro-N-pyridinium radical ions. The flow of propene into the ion trap was maintained at 1.3 sccm for at least 12 h prior to kinetic measurements to ensure a stable propene concentration. Propene concentration within the ion trap was varied by using propene doped He gas cylinders with varying propene concentration. Pseudo first-order kinetics were measured for 2-, 3-, and 4-dehydro-N-pyridinium + propene reactions. Kinetic measurements of each dehydro-N-pyridinium isomer + propene reaction, each taking 20-30 min, were iterated continuously over the span of a day (6 h) and repeated for at least 4 different propene concentrations to ensure measurement-to-measurement and day-to-day consistency in measured rate coefficients. Kinetic plots were produced by integrating the area under a specified m/z region (± 0.5 Da) and normalising to the integrated signal over the entire spectrum (m/z 50-300). The normalised, integrated signal intensity was averaged over all scans for a given reaction time (mass spectrum) on a given run (kinetic measurement). Each kinetic measurement datum was weighted based on variance then averaged and plotted against reaction time to produce a single kinetic curve which was fitted with either an exponential or biexponential function.
First-order rate coefficients extracted from the fit were plotted against propene number density and second order rate coefficients were extracted from the slope of linear regression fits to these data. Reaction efficiencies (Φ) were calculated from second-order rate coefficients as a percentage of Langevin model 27 collision rate for ion-molecule collision pairs. Ultimately, an upper limit of ±50% uncertainty in the second-order rate coefficient results from a high uncertainty in ion-trap gas pressure estimated at 2.5 mTorr ± 50%.
Quantum Chemical Calculations and Kinetic Modelling
Quantum chemical calculations were carried out to rationalise observed reaction products and elucidate possible mechanisms. Reaction enthalpies were computed at the M06-2X/6-31G(2df,p) 28 level using Gaussian 09. 29 All stationary points were assigned as minima, possessing no imaginary frequencies, or as transition states, possessing exactly one imaginary frequency whose normal mode projection approximates motion along the reaction coordinate.
Ambiguous transition states were verified using intrinsic-reaction coordinate calculations.
Calculations for molecules containing iodine were performed at the M06-2X level of theory using a LANL2DZ + 6-31G(2df,p) split basis set. All 0 K enthalpies include the zero-point vibrational energy (ZPE) correction and are reported in kcal mol -1 . For potential energy schemes and mechanisms in the following sections, stationary points are labelled R for reactants, I for intermediates or P for products. Subscript 'o', 'm', or 'p' indicate ortho, meta, or para substituted isomers that result from the reaction of 2-, 3-, and 4-dehydro-Npyridinium, respectively.
The MultiWell 2017 suite of programs [30] [31] [32] was used for a state counting analysis of competing transition states. Geometries, vibrational frequencies and calculated enthalpies for transition states and intermediates investigated were taken from Gaussian 09 calculations described above.
Results
Synthesis of Dehydro-N-pyridinium Radical Cations
The 2 into the aromatic radical photolysis product following C-I bond dissociation. These barriers will prohibit H-atom migration under these experimental conditions. As will be discussed below, experimental results support this assertion. The unique distribution of product peak intensities observed in Figure 1 at the reaction time of 30 ms, together with distinguishable kinetic traces (see later, Figure 4 ) suggest that the photolysis of these three radical precursor ions result in three distinct dehydro-N-pyridinium radicals. These results will be discussed in detail in the following sections. Previous studies also suggest energetic barriers to dehydropyridinium H-migration are sufficiently large to prevent isomerisation under similar experimental conditions. [37] [38] Radical and no propene. A major product peak at m/z 111 and minor product at m/z 95 are observed for both 4-and 3-dehydro-N-pyridinium + O 2 reactions with relative signal intensities that align well with those of the 4-and 3-dehydro-N-pyridinium + C 3 H 6 reaction spectra. In contrast, 2-dehydro-N-pyridinium + O 2 reactions generated a significantly higher intensity m/z 95 signal as the major product and an additional minor peak at m/z 82. The relative intensities of these peaks align well with those observed in 2-dehydropyridinium + C 3 H 6 reaction mass spectrum. These findings are in agreement with conclusions drawn from oxidation studies of phenyl-type radical cations which have observed the formation of peroxyl-(addition of O 2 ) and oxyl-(addition of O 2 followed by loss of atomic oxygen) radicals [39] [40] and also indicate a potential HCO loss channel 39 . Based on the observation of these product channels in the absence of propene and past precedent of phenyl reactivity toward oxygen, the ions at m/z 111, m/z 95 and m/z 82 are assigned oxygen reaction products. Table 1 , show increasing reaction efficiencies of 41%, 47% and 70% for 4-, 3-, and 2-dehydro-N-pyridinium respectively, reported as the measured rate coefficient as a percentage of collisional frequency calculated using the Langevin collision model. 27 This trend in reaction efficiency is rationalised in part by considering the electron withdrawing nature of the nitrogen group. Protonation at the N-position draws electron density away from the radical site, which increases its electrophilicity. This leads to a stabilising effect on reaction transition states due to increased polarisation and an effective lowering of the reaction barrier. [43] [44] As radical electrophilicity increases, the effect becomes more pronounced with increasing proximity between radical and charge site. This effect has previously been observed and described in greater detail in the gas 45 and liquid phase [46] [47] for a range of dehydro-N-pyridinium-type radical cation abstraction reactions. Further, the ionised carbene- •+ pre-reactive complexes back to reactants may account for the differences in measured rates between radical isomers, and the observation of reaction efficiencies lower than 100%. Involvement of pre-reactive complexes have been shown to significantly influence radical reaction kinetics in other systems, [55] [56] [57] however further investigation is needed to quantify their effect on the dehydro-N-pyridinium + propene system. Computational kinetic modelling (RRKM-ME) studies of the phenyl radical + propene system 42 indicates back-reaction of intermediates to reactants accounts for up to 11% of reaction flux at 7.6 Torr and 1500 K. The study reports increasing re-dissociation of intermediates to reactants with decreasing pressure, calculated from 7600
Torr to the lower limit of 7.6 Torr. Although calculated reaction flux in this re-dissociation channel drops sharply towards 0% as temperature decrease below 500 K, the relatively low pressure (~2.5 mTorr) at which dehydro-N-pyridinium + propene reactions are measured may lead to a small reduction in measured reaction efficiencies away from 100% due to contributions from a similar re-dissociation channel. Nonetheless, the addition of propene to the three radical isomers is overall barrierless and could contribute to molecular weight growth processes in low temperature, extraterrestrial environments. Figure 9 . Optimised geometry of transition states for the addition of propene to each dehydro-N-pyridinium isomer. Distance between the radical site and secondary carbon is given in Angstroms. Calculations were performed using M062X/6-31G(2df,p).
Conclusions
Ion-trap mass spectrometric product detection experiments were conducted to investigate the reaction of the three dehydro-N-pyridinium isomers with propene at room temperature and rates between radical isomers may be due to formation of pre-reactive complexes prior to nucleophilic addition of propene, but further computational investigation is needed to quantify the effect on reaction kinetics. Future studies into the reaction of the three dehydro-N-pyridinium radical cations with other small, unsaturated hydrocarbons, such as propyne, acetylene and allene, will assist in developing a predictive understanding of this class of reaction.
Acknowledgements
The 
